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ABSTRACT
Pentatricopeptide repeat (PPR) proteins are particu-
larly numerous in plant mitochondria and chloro-
plasts, where they are involved in different steps
of RNA metabolism, probably due to the repeated
35 amino acid PPR motifs that are thought to
mediate interactions with RNA. In non-
photosynthetic eukaryotes only a handful of PPR
proteins exist, for example the human LRPPRC,
which is involved in a mitochondrial disease. We
have conducted a systematic study of the PPR
proteins in the fission yeast Schizosaccharomyces
pombe and identified, in addition to the mitochon-
drial RNA polymerase, eight proteins all of which
localized to the mitochondria, and showed some as-
sociation with the membrane. The absence of all but
one of these PPR proteins leads to a respiratory de-
ficiency and modified patterns of steady state
mt-mRNAs or newly synthesized mitochondrial
proteins. Some cause a general defect, whereas
others affect specific mitochondrial RNAs, either
coding or non-coding: cox1, cox2, cox3, 15S rRNA,
atp9 or atp6, sometimes leading to secondary
defects. Interestingly, the two possible homologs
of LRPPRC, ppr4 and ppr5, play opposite roles in
the expression of the cox1 mt-mRNA, ppr4 being
the first mRNA-specific translational activator
identified in S. pombe, whereas ppr5 appears to
be a general negative regulator of mitochondrial
translation.
INTRODUCTION
The pentatricopeptide repeat (PPR) protein family is
characterized by repeats of a degenerate 35 amino acid
sequence, related to the tetratricopeptide repeat (TPR),
which is a 34 amino acid motif involved in protein–
protein interactions (1). The PPR family is one of the
largest protein families known in plants, with over 450
members in Arabidopsis thaliana and even more in other
land plants. However, PPR proteins are found in limited
numbers in animals and fungi, and are extremely rare in
bacteria, they have only been found in a few bacterial
pathogens of eukaryotes. It is particularly striking that
the bacterial ancestors of mitochondria and chloroplasts
lack PPR proteins, because the available experimental
data and protein localization predictions suggest that
PPR proteins are almost exclusively located in organelles
(2). This implies that the current PPR proteins are the
result of rapid evolution. Nearly 70% of plant PPR
proteins are predicted to be mitochondrial (2), but the
majority of PPR proteins studied so far have been
chloroplastic, possibly because mitochondrial PPR
mutants in plants are often embryo-lethal.
All PPR proteins are thought to bind RNA via the PPR
motif. Models of this motif based on the TPR anti-parallel
helical structure, suggest that contrary to the TPR motif,
the side chains in the central groove of the PPR repeats
tend to be hydrophilic and positively charged (1), consist-
ent with an interaction with RNA molecules rather than
proteins. In some cases, RNA binding has now been
directly demonstrated, and the sequences of the cis-
elements recognized by the PPR motif are known (3).
However, with the exception of some proteins that
contain additional domains involved in RNA editing,
PPR proteins do not carry an enzymatic activity and
probably act as adaptors that mediate the interaction
between their target RNA and other proteins (4). This
gives PPR proteins great functional ﬂexibility, and
explains how they can participate in all the steps of
RNA metabolism from transcription to degradation, af-
fecting diverse processes such as development, organelle
biogenesis, energetic regulation and cytoplasmic male ster-
ility [for a review see (5)].
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human RNA polymerase POLRMT, is clearly required
for transcription, although the function of its single PPR
motif is unknown (6). Other PPR proteins are involved in
post-transcriptional steps. In plants a large number of
these proteins are involved in mitochondrial transcript
editing [for review see (7) and references therein].
Mitochondrial PPR proteins are also involved in RNA
processing: tRNA excision, precursor mRNA cleavage
and transcript end maturation e.g. (8–10). This can lead
to RNA degradation, for example the targeted degrad-
ation of the human mitochondrial leucine tRNA by the
PPR protein PTCD1 (11). Many mitochondrial PPR
proteins in fungi and animals appear to stabilize both
coding and non-coding RNA, e.g. the yeast ATP6/8
co-transcript which is protected by Aep3 (12), and the
12S or 15S rRNAs which are protected from degradation
by the human PTCD3 or yeast Dmr1 (13,14). The rela-
tionships between transcript stabilization and translation
are often very tight, and several factors appear to affect
both, but in reality it is often difﬁcult to distinguish
between the two. For example in budding yeast, Rmd9
is thought to convey mRNAs to their site of translation
and also loosely interacts with the ribosome (15,16), while
Pet309 stabilizes the intron-containing cox1 transcript,
and activates translation of the mature cox1 mRNA
(17). In the case of Pet309 it has been shown that the
PPR motifs are not required for the stability function
(18). Several other mitochondrial PPR proteins are
involved in general translation, and in Trypanosoma,
numerous PPR proteins are bona ﬁde ribosomal proteins
(19,20).
Given the variety of RNA-linked functions mediated by
PPR proteins, it is not surprising that a PPR protein,
LRPPRC/LRP130, has been implicated in a human
disease. Mutations in LRPPRC are responsible for a
French-Canadian Leigh syndrome; however, the precise
role of LRPPRC is far from clear. It has been proposed
to regulate mitochondrial transcription (21), the stability
and/or translation of the cox1 and cox3 mRNAs (22–24)
and to be a general regulator of the stability and handling
of all human mitochondrial mRNAs (25,26). In addition
LRPPRC is present in the nucleus where it seems to play a
role in the regulation of gluconeogenesis and mitochon-
drial biogenesis (27,28), thus contributing to the coordin-
ation of nucleo–mitochondrial interactions.
To further our understanding of the functions of the
PPR protein family, we have used classical blast searches
and the fungal speciﬁc SCIPHER algorithm developed by
the Golik laboratory (29) to identify all the PPR proteins
in Schizosaccharomyces pombe. Apart from the mitochon-
drial RNA polymerase, we have identiﬁed eight proteins,
containing three to sixteen predicted PPR motifs, and we
have undertaken a study of these proteins. The ﬁssion
yeast, S. pombe, has several particularities that make it a
very attractive model for the study of mitochondrial PPR
proteins. First, it is a petite-negative yeast, so most
mutants that compromise mitochondrial gene expression
maintain their mitochondrial genome, unlike budding
yeast, where mutants deﬁcient in mitochondrial gene ex-
pression often lose their mitochondrial DNA (mtDNA),
making any further study of their function very difﬁcult.
Second, the mtDNA of S. pombe resembles that of mam-
malian cells as it is very compact and uses similar tran-
scription and processing features. Three of the respiratory
complexes (III, IV and V) are of dual genetic origin, both
nuclear and mitochondrial. In S. pombe, the mitochon-
drial genome contains eight major protein coding genes
(cox1, 2, 3, cytb, atp6, 8, 9, rps3), the two rRNAs rnl
and rns, the predicted RNAse P RNA rnpB, and 25
tRNAs (Figure 1). In most strains, only cytb and cox1
contain introns (one and two, respectively), and an
intron-less strain has been constructed (30). Efﬁcient tran-
scription of the S. pombe mtDNA requires both the mito-
chondrial transcription factor (Mft1) and RNA
polymerase (Rpo41) (31). The mtDNA contains two prin-
cipal promoters of different strengths, yielding two
overlapping primary transcripts that are generally pro-
cessed by tRNA excision and cleavage downstream of a
CC-rich motif to generate the rRNAs and mRNAs that
contain short ﬂanking regions (32). Consequently,
S. pombe mitochondrial mRNAs resemble those of
human mitochondria, which mostly lack untranslated
Figure 1. Map of the S. pombe mtDNA. The promoter located in front
of the large rRNA gene rnl is the major promoter that yields a 19.4kb
transcript corresponding to the full mtDNA. A second minor promoter
is located between the cox1 and cox3 genes and drives the transcription
of a 10.5kb RNA containing the genes from cox3 to cox2. The 50-end
of mature RNAs are processed through tRNA punctuation, except for
rnl and cox3 whose 50-ends are determined by the start of transcription.
The 30-end processing occurs at a C-rich motif located a few nucleotides
after each open reading frame. However the 30-end of the RNAse P
RNA (rnpB) is produced by tRNA processing and the processing signal
of rnl is unknown (32). Genes coding RNAs are depicted in black,
protein encoding genes are in gray and introns in white. In our
intron-containing strain, cox1 contains two introns and cytb one intron.
8030 Nucleic Acids Research, 2011,Vol.39, No. 18regions (33), suggesting that they might be stabilized and
translated using similar mechanisms and factors.
Here we present a genome-wide study of all the PPR
proteins of a single organism, S. pombe. Previously,
nothing was known about the function of these eight
PPR proteins. We have shown that they are all mitochon-
drial proteins and they are involved in mitochondrial bio-
genesis, although they target different steps in RNA
metabolism and have different substrates.
MATERIALS AND METHODS
Strains, plasmids, media and genetic methods
All strains are described in Supplementary Table S1 and
were grown at 28 or 36 C as indicated. The different
wild-type strains used were NB205-6A (h
  ade6-M216
ura4-D18 his3D leu1-32 rho
+ [three mitochondrial
introns], (34), P3 (h
+ ade7-50 rho
+ [no mitochondrial
introns], (30), and the Dpku70 and Dpku80 strains
FY14145 and FY14191 (a gift from the National
BioResource Program in Japan). Plasmids used or con-
structed during this work were derivatives of pGEM-T-
easy (Promega), pDUAL-FFH1, pDUAL-YFH1 (35) and
pTG1754/Not (36). Media and genetic methods were as
described in (36,37). Schizosaccharomyces pombe asci were
microdissected directly from the mixture of haploid,
diploid and sporulating cells. Schizosaccharomyces
pombe transformation (38) was improved by (i) using
single stranded salmon sperm DNA as carrier,
(ii) regenerating cells in complete liquid medium over-
night, (iii) plating onto 5% glucose selective medium as
described in (39). Yeast genomic DNA was extracted ac-
cording to (40).
Deletion of the PPR genes
Gene deletions were constructed by the PCR method (41)
using pFA6a-kanMX6 (carrying the kan
R gene that
confers G418 resistance) (42), or pAG25 (carrying the
nat
R gene that confers Nourseotricin resistance) (43).
PCR fragments containing the resistance gene were
generated using hybrid oligonucleotides containing
75–80 bases of homology with the recipient locus
ﬂanking the gene of interest and transformed into
NB205-6A, P3 and/or FY14145/FY14191.
Transformants, able to grow in the presence of the appro-
priate drug, were streaked on selective medium, and the
genomic DNA of single colonies was analyzed by PCR to
look both for the correct insertion of the deletion cassette
and the absence of the wild-type sequence. Colonies
carrying the expected deletion were back-crossed to a
wild-type strain to verify the cosegregation of the resist-
ance marker with the gene deletion and in some cases to
segregate away the pku70 or pku80 mutation.
Epitope tagging of the ppr genes
Plasmids containing the different tagged ppr genes under
the control of the nmt1 promoter (44) were purchased
from the RIKEN consortium and tested for their ability
to complement the corresponding mutants; with the
exception of ppr1, all tagged genes complemented the
gene deletion (data not shown). For the seven ppr
plasmids that showed a good complementation, the
plasmids were cut by NotI and transformed into the cor-
responding ppr mutants to integrate the tagged version
into the leu1 locus (44). Sequence analysis of the ppr1
insert obtained from the RIKEN showed that it contained
three mutations. Thus the wild-type ppr1 gene together
with some other ppr genes were epitope tagged at their
chromosomal locus using a PCR strategy (41), and the
plasmids pFA6a-3HA-kanMX6, pFA6a-13Myc-
KanMX6 (45), and pBS7 (YFP-Venus, NCRR Yeast
Resource Centre, University of Washington). After inte-
gration, these constructions were veriﬁed by PCR ampli-
ﬁcation of the fusion site and epitope tag, followed by
sequencing.
Northern blot analyses
Schizosaccharomyces pombe cells were grown to exponen-
tial phase (100 Klett units or 1 OD600) in complete glucose
medium, total RNAs were extracted using the hot phenol
protocol (46) and run on a formaldehyde gel before
transfer onto Hybond-C extra membranes. The blots
were successively hybridized with various probes at 65 C
under standard saline conditions. After overnight hybrid-
ization, the blots were washed brieﬂy several times with
6xSSPE before exposure (from a few hours up to 1 week at
 70 C). Mitochondrial probes were PCR or restriction
fragments labeled with [a
32P]dATP and a random
priming kit (Invitrogen).
35S labeling of mitochondrial proteins
Schizosaccharomyces pombe cells were grown to early ex-
ponential phase in minimal, or complete, 5% rafﬁnose
medium containing 0.1% glucose. Mitochondrial
proteins were labeled at 30 C by a 3h incubation of
whole cells with
35S methionine and cysteine (Bioactif-
Hartmann) in the presence of cycloheximide (10mg/ml),
which speciﬁcally blocks cytoplasmic translation. Proteins
were extracted as described in (47) and samples were run
on 16% acrylamide—0.5% bisacrylamide SDS gels, after
drying, the gel was exposed to a ﬁlm for 1day, or up to
several weeks, or onto a phosphorimager screen at room
temperature.
Puriﬁcation of mitochondria, alkali treatment and
western blotting
Mitochondria were puriﬁed from S. pombe cells grown in
complete glucose medium as described previously (39).
Alkali treatment of isolated membrane and soluble mito-
chondrial fractions was performed as described in (48).
Samples were run on 10 or 12% SDS–PAGE before west-
ern blotting. Primary antibodies were: anti-human Hsp60,
1/1000, (Sigma H3524); anti-Saccharomyces cerevisiae
Arg8: 1/4000, a gift from T.D. Fox (49); anti-S. pombe
Cox2, 1/2500 (50); anti-S. pombe Cytb, 1/1000 (I. Ku ¨ hl
and N. Bonnefoy, unpublished data); anti-Flag, 1/1000
(Sigma F185); anti-HA 1/1000 (Sigma H6908);
anti-cMyc 1/5000 (Covance PRB-150C); Secondary
antibodies were diluted 1/10000-fold.
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Low temperature cytochrome spectra of S. pombe cell
paste were recorded using a Cary 400 spectrophotometer
after addition of sodium dithionite to fully reduce the
cytochromes (51). The absorption maxima were 603,
560, 554 and 548nm for cytochromes aa3, b, c1 and c,
respectively. The S. pombe, the cytochrome c peak
always shows a 544nm shoulder that disappears in a cyto-
chrome c mutant (N. Bonnefoy, unpublished data).
RESULTS AND DISCUSSION
Homology searches for S. pombe PPR proteins uncover
a nine-member family
In the nucleus, the regulation of transcription is an im-
portant factor in the overall control of gene expression; in
contrast, the regulation of mitochondrial gene expression
appears to occur principally at the post-transcriptional
level. Thus it is perhaps surprising that only a few
motifs typical of RNA manipulating proteins, such as
the PPR motif, have been identiﬁed in mitochondrial
proteins (2). We have conducted a systematic
genome-wide analysis to identify and partially character-
ize the ﬁssion yeast proteins containing PPR motifs.
Our initial survey for S. pombe PPR proteins used blast
comparisons starting with known fungal or animal PPR
proteins, such as Pet309 (17) or LRPPRC (22). Searches
were then repeated using the newly identiﬁed S. pombe
PPR proteins as baits. In this way, we were able to
detect eight PPR proteins, which we have named Ppr1
to 8 (Figure 2). In parallel, the SCIPHER algorithm,
which was speciﬁcally designed by the Golik Laboratory
to ﬁnd fungal PPR motifs (29), was run on the complete
S. pombe genome. This identiﬁed the same 8 PPR proteins
and the mitochondrial RNA polymerase, Rpo41, which
like its human counterpart POLRMT, is a PPR protein
(6,29) (Figure 2). Thus, as in other fungi and in animals,
we found that the ﬁssion yeast PPR family is rather small:
nine PPR proteins have been identiﬁed, amongst which
four had not been annotated as PPR proteins in databases
such as Uniprot. According to the SCIPHER algorithm,
the S. pombe proteins contain between 2 (Rpo41) and 16
(Ppr5) PPR motifs and are between 432 (Ppr2) and 1261
(Ppr5) amino acids long (Table 1).
Five of the nine S. pombe proteins shared clear struc-
tural homologies with S. cerevisiae proteins (Table 1), all
of which have mitochondrial functions: Ppr3 with Dmr1,
involved in 15S rRNA stability (14), Ppr4 and Ppr5 with
Pet309, required for translation of the cox1 mRNA (18),
Ppr6 with Atp13/Aep2, necessary for the stability of the
atp9 mRNA (52,53), and Rpo41 with the other mtRNA
polymerases. The four other S. pombe PPR proteins did
not present any signiﬁcant homology to proteins in other
organisms outside the PPR motif. As the aim of our study
of the S. pombe PPR proteins was to characterize new
factors involved in mitochondrial gene expression, we
decided to exclude Rpo41 and focus on the eight new
PPR proteins.
All predicted PPR proteins are mitochondrial proteins
The previously characterized PPR proteins are almost ex-
clusively speciﬁc to organelles (2). Consistent with this
observation, six of the eight S. pombe PPR proteins were
clearly proposed to be mitochondrial, based on the
analysis of YFP gene fusions under the control of the
thiamine sensitive promoter nmt1 that were constructed
and analyzed in the framework of the S. pombe
proteome localization program (44). The two exceptions
were Ppr4 and Ppr5, where the data were unclear; we
tagged the corresponding genes with YFP at their
chromosomal locus and saw an overlap with the mito-
chondrial marker mitotracker for Ppr5 (Figure 3A).
However, for Ppr4 the signal was weak, leading to high
background probably due to auto-ﬂuorescence of
vacuoles. FLAG-versions of both Ppr4 and Ppr5 were
then generated and the tagged strains were subjected to
cell fractionation and western blot (Figure 3B) that
Figure 2. The PPR proteins of S. pombe. Gray boxes show the PPR
motifs annotated in Uniprot and detected by the SCIPHER algorithm,
black boxes show PPR motifs that were only found with the SCIPHER
algorithm and white boxes are PPR motifs that are annotated in the
UniProt database but were not found using the SCIPHER algorithm.
In Ppr4, the boundaries of the predicted motifs eight and nine are
unclear, and they may correspond to a single motif. The ninth
S. pombe PPR protein is the mitochondrial RNA polymerase.
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fraction. Thus all eight S. pombe PPR proteins are
mitochondrial.
To validate the mitochondrial localization of the differ-
ent proteins, ppr2-ppr8 were FLAG-tagged at the leu1
locus under the control of the nmt1 promoter using the
Riken consortium plasmid resources (44) and ppr1 was
tagged with a cMyc13 epitope. Mitochondria were
puriﬁed by cell fractionation and in all cases, a clear
signal was obtained for the tag in the mitochondrial
fraction and not in the post-mitochondrial supernatant
(data not shown), thus conﬁrming that all eight PPR
proteins from S. pombe are located in the mitochondria.
To further reﬁne the mitochondrial localization of the
PPR proteins, carbonate extractions were performed on
puriﬁed mitochondria to test the association of each of
the eight PPR proteins with the mitochondrial membranes
(Figure 3C). In our initial experiments, Ppr3, 4 and 5
remained fully associated with the mitochondrial mem-
branes upon carbonate extraction, like the Cox2 control,
showing that they are integral membrane proteins. The
other proteins were seen to partition between the soluble
and membrane fraction. As all these constructions except
ppr1 were expressed from the nmt1 promoter, we were
concerned that the partition between the soluble and
membrane fractions might be due to the over-expression
of the proteins. To overcome this problem the car-
bonate fractionation was repeated using 30HA3 or
cMyc13 ppr fusions integrated at the chromosomal locus
under the control of the endogenous promoter. In these
experiments Ppr6 remained fully associated with the mito-
chondrial membranes while Ppr1, 2, 7 and 8 were found in
both the soluble and membrane fractions, suggesting that
they might be peripheral proteins.
Thus all S. pombe PPR proteins are mitochondrial and
interact more or less strongly with the mitochondrial
membranes. This is consistent with the idea that all
RNA metabolism and translation events in mitochondria
occur in close proximity to the membrane, the ﬁnal des-
tination of the mitochondrially-encoded proteins.
A phenotypic and molecular analysis of the Dppr mutants
identiﬁes two functional classes
To investigate the function of the different PPR proteins,
each gene was disrupted in a mitochondrial
intron-containing and intron-less background; this latter
background facilitates the interpretation of some experi-
ments and also allows the detection of RNA splicing
defects. For reasons of clarity, the analysis of each
mutant will be presented individually, although all
mutants were studied in parallel using the following
techniques.
Growth characteristics were tested on various media,
including galactose, and glucose containing antimycin
(Figure 4A and B). In S. pombe, an inability to grow on
galactose is indicative of a strong defect in the
Table 1. Summary of the S. pombe Ppr protein features and mutant phenotypes
Ppr
123 4 5 6 78
Protein features
Length (amino acid) 697 432 687 931 1261 443 658 481
No. of PPR motifs 6  3  10 13  16 5 5 4
Membrane (%) 30 80 100 100 100 100 50 40
Possible homologs
Saccharomyces cerevisiae Dmr1 Pet309
a Aep2
Homo sapiens PTCD3
Dppr
D1 D2 D3 D4 D5 D6 D7 D8 wt
Phenotype of Dppr mutants
Growth on galactose   ±    + + + +    + ++ + +
Growth on antimycin + + ++ + ++ + + +    ++
Spectra
Cytochrome aa3      +    ±+
Cytochrome bc1 ±±± ±+ ± ± ++
RNAs most affected cox2 None 15S cox1 None atp9 atp6 cox1 None
cox3 cytb if Si
b if Si
b
Proteins most affected Cox2 All All Cox1 All up All esp All Cox1 None
Cox3 Atp9
Mt protein level
Cox2      + + + +± ± + + + +
Cytb ±    ±+ + + ++ + + + ++ + +
aPet309 is identiﬁed by Blast searches using Ppr5 as a bait, however from our study it does not appear to be a functional homolog.
bSi: mitochondrial genome where cox1 contains two introns; ‘esp’: especially.
The mutant phenotypes are described qualitatively by comparison to the wild-type, the number of+signs indicates the strength of the phenotype,+/
  just detectable and - not detected.
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antimycin under fermentation reﬂects an ATP synthase
deﬁciency (37). When electron transfer is blocked by
antimycin A, ATP synthase activity becomes essential
for viability by generating a membrane potential.
Antimycin sensitivity could only be tested in the
intron-containing background because the intron-less
strain is antimycin resistant (30). Cytochrome spectra
were recorded to determine whether the heme containing
respiratoryenzymes (complexIII, containingcytochromeb
and c1, and complex IV, containing cytochrome aa3),
were affected in the mutants (Figure 4C).
In addition, molecular studies were undertaken to
analyze mitochondrial gene expression, because PPR
proteins are expected to act on organelle RNAs to
modulate transcriptional, post-transcriptional and/or
translational steps. Experiments were performed both in
the mitochondrial intron-less and intron-containing back-
grounds to measure the steady state levels of all mitochon-
drial rRNAs and mRNAs in the Dppr mutants (Figure 5),
as well as the in vivo labeling of newly synthesized mito-
chondrial proteins with
35S amino acids, in presence of
cycloheximide that blocks cytoplasmic translation
(Figure 6A). For reasons that are not clear, in vivo
labeling experiments are much less efﬁcient in S. pombe
than in S. cerevisiae; therefore, experiments were repeated
three to six times. Qualitatively, the results appeared
similar whatever the mitochondrial intron content,
although labeling in the intron-less context was generally
more efﬁcient and thus more reliable. Thus a representa-
tive result in the intron-less background comparing all
eight mutants is presented (Figure 6A). Western blotting
with the few antibodies available against mitochondrially-
encoded proteins from S. pombe (i.e. Cox2 and Cytb) was
also performed to analyze the steady state levels of these
mitochondrial proteins (Figure 6B).
We found that none of the ppr strains showed a
general decrease in all the transcripts belonging to one
or both of the two transcription units of the S. pombe
mitochondrial genome. Thus apart from the polymerase
Rpo41, none of the PPR proteins appear to be involved in
general transcription. Similarly, none of the PPR proteins
are involved only in mitochondrial intron splicing, as the
intron-less genome does not restore growth on
non-fermentable medium to any of the respiratory-
deﬁcient mutants. In addition, processing does not seem
to be affected since none of mutants accumulated aberrant
RNA intermediates, contrary to the observations of
Hoffmann et al. (54) who examined the processing
mutants pah1 and par1. In ﬁne, the ppr mutants
appear to fall in two classes: those that seem to primarily
affect mRNA stability (Ppr1, 3, 6, 7), and those that seem
to act downstream, at a translational step (Ppr2, 4, 5, 8),
for a summary see Table 1.
Ppr1 and Ppr3 appear to stabilize a limited number of
mitochondrial RNAs
Among the PPR proteins playing an RNA stability role,
Ppr1 and Ppr3 appeared to be the most speciﬁc. Dppr1
cells could not grow on galactose (Figure 4A), and
A
C
B
Figure 3. Cellular localization of the S. pombe Ppr proteins.
(A) Fluorescent imaging of Ppr4-YFP and Ppr5-YFP. The ppr4 and
ppr5 genes were fused to YFP-Venus. Cells were grown on YPGA 2%
glucose with an excess of adenine, and observed with a Zeiss Axioplan
2 microscope linked to a Cool Snap camera (Princeton Instruments).
Mitotracker was obtained from Molecular Probes. The signal for
Ppr4-YFP was considerably weaker than for Ppr5-YFP. As a conse-
quence the Ppr4-YFP image also shows autoﬂuorescence from the
vacuoles. (B) Puriﬁcation of mitochondria from Ppr4-FLAG2 and
Ppr5-FLAG2. Cells producing FLAG-tagged Ppr4 or Ppr5 proteins
were fractionated to separate the mitochondria (M) from the cytosolic
fraction (C). Protein samples were subjected to western blot analysis
with the anti-FLAG antibody and with two control antibodies:
anti-Cox2Sp, that labels the inner mitochondrial membrane protein
Cox2, and anti-Arg8Sc, that labels the soluble S. pombe mitochondrial
protein Arg1 as well as a cross-reacting cytosolic protein (marked with
an asterisk). An equal amount of protein was loaded in each lane.
(C) Subcellular localization of all Ppr proteins. Mitochondria contain-
ing cMyc, FLAG or 3HA-tagged versions of the different Ppr proteins
were alkali-treated to separate the soluble and membrane fraction, the
total quantity of protein in each fraction was loaded on a 10 or 12%
gel and analyzed with the appropriate anti-tag antibodies. Control
antibodies are as in panel B anti-Arg8Sc for the soluble fraction and
anti-Cox2Sp for the membrane fraction. The proteins marked with an
asterisk were tagged at their chromosomal locus. FLAG versions were
integrated at the leu1 locus in a background where the endogenous ppr
gene was deleted.
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Figure 4. (A) Growth phenotypes of the ppr mutants. Ten-fold serial dilutions of freshly grown ppr mutants in the intron-containing background
were spotted onto complete medium containing either galactose, which is used as a non-fermentable carbon source in S. pombe, glucose or glucose
supplemented with G418 (indicative of the deletion) or antimycin A (to test for a possible complex V deﬁciency). Plates were incubated at 28 or 36 C
for the indicated time. (B) Phenotype of the deletion of ppr8 in both intronic backgrounds. Intron-containing (i) ppr8 (8) cells and the isogenic
wild-type NB205-6A were streaked on complete glucose medium and replica-plated onto complete medium containing 2% glucose, 2% galact-
ose+0.1% glucose, or 3% glycerol, 3% ethanol and incubated as indicated before taking photographs. (C) Cytochrome spectra of Dppr mutants.
Cells of the ppr mutants in the intron-containing background were grown for 2–3 days on glucose medium and low temperature cytochrome spectra
were recorded after the addition of dithionite to fully reduce the cytochromes. The peaks corresponding to cytochromes aa3, b, c1 and c are
indicated.
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and c1 were signiﬁcantly decreased. Conversely, the
mutant grew better than the wild-type on medium con-
taining antimycin, suggesting that the ATP synthase func-
tioned very efﬁciently. At the molecular level, deletion of
ppr1 led to a strong reduction in the levels of the cox2 and
cox3 mRNAs (Figure 5A), as a consequence, Cox2 and
Cox3 were absent in the in vivo labeling experiments
(Figure 6A) and Cox2 was lacking in western blot
(Figure 6B). These data show that Ppr1 increases the
A
B
Figure 5. (A) Analysis of the steady state mtRNA levels in the Dppr
mutants in the intron-less background. Total RNA from the intron-less
P3 wild-type and isogenic ppr mutants were hybridized to different
probes as indicated. Three representative membranes are presented with
the UV photograph of the cytoplasmic large rRNA and a control hy-
bridization with the 21S large mitochondrial RNA. All hybridizations
have been repeated two or three times and only the changes consist-
ently observed in all experiments are described in the text. For
unknown reasons, there is slightly less 21S RNA in the mutants
ppr1, 2 and 3. The same RNA sample was used in preparation for
each membrane, but in membrane 1, the wild-type sample appears to
have transferred less efﬁciently. (B) Northern blot of the mosaic genes
cox1 and cytb in the Dppr4 and Dppr8 mutants in an intron-containing
background. Total RNA from the intron-containing NB205-6A
wild-type and isogenic ppr4 and Dppr8 mutants and hybridized to
the intron-containing cox1 and cytb probes as indicated. Precursor
and mature RNAs are marked. The membranes are presented with
the UV photograph of the cytoplasmic large rRNAs and a control
hybridization with the 21S large mitochondrial RNA.
A
B
Figure 6. (A) In vivo
35S labeling of Dppr mutants. The various ppr
mutants were labeled in vivo with
35S methionine/cysteine in the
presence of cycloheximide, which blocks cytoplasmic translation, and
similar amounts of total proteins were loaded on an SDS–PAGE gel, as
veriﬁed by coomassie blue staining (not shown). A typical result in the
intron-less background is presented after a 3day phosphorimager
exposure, however, similar patterns have been obtained whatever the
mitochondrial intron content. For the ppr2 strain that showed a very
weak signal, a 3-month exposure of the gel onto a ﬁlm is also shown.
The band marked with the asterisk is a migration artifact. For reasons
that are unknown, Atp6 is often more efﬁciently labeled in respiratory
mutants (especially cytochrome oxidase mutants) compared to the
wild-type. (B) Steady state level of mitochondrial proteins in the
various Dppr mutants. Puriﬁed mitochondria from the eight ppr
mutants in the intron-less background were analyzed by SDS–PAGE
and western blot. Transferred proteins were hybridized to S. pombe
antibodies raised against Cox2 and Cytb. The loading control is
Hsp60 that recognizes a mitochondrial matrix protein.
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explains the lack of Cox2 and Cox3 proteins. However,
the stability function of Ppr1 does not exclude a supple-
mentary role in mRNA translation. In maize chloroplasts,
PPR10 stabilizes the atpH mRNA by binding 50-UTR and
blocking the action of exoribonucleases, but the binding of
PPR10 also uncovers a ribosome binding site allowing
translation of the atpH mRNA (55,56). The cox1
mRNA is stable in the absence of Ppr1, suggesting that
the effects on cox2 and cox3 are speciﬁc and not part of a
general defect in all the subunits of complex IV. In
addition, the decrease of steady state Cytb is probably
due to a partial destabilization of complex III due to the
absence of complex IV.
The Dppr3 mutant could not grow on galactose, and it
also showed a clear thermosensitivity on glucose contain-
ing media (Figure 4A). In addition cytochrome aa3, b and
c1 were strongly decreased (Figure 4C). Deletion of ppr3
led to a strong reduction in the 15S-rRNA associated with
the appearance of shorter RNAs that are probably deg-
radation products. There is also a reduction in cytb
mRNA (Figure 5A). In addition there was a general
decrease in the synthesis of all the mitochondrial
proteins and the tested proteins could not be detected by
western blot.
These results suggest that Ppr3 is primarily required for
the stability of the small rRNA, and that the severe reduc-
tion in the level of the small rRNA in the Dppr3 mutant
will perturb protein synthesis, leading to a general mito-
chondrial translation defect. Ppr3 is structurally homolo-
gous to Dmr1 from S. cerevisiae (14) and the human
PTCD3 (13), both of which are involved in the mainten-
ance of the small mitochondrial rRNA. However, it is
possible that the S. pombe protein has acquired another
function, as the deletion of ppr3 also leads to a reduction
in the level of cytb mRNA and apart from Ppr3, no PPR
protein speciﬁcally targeting the cytb mRNA has been
identiﬁed so far in S. pombe.
Ppr6 and 7 appear to target primarily the atp9 and 6
mRNAs, respectively
The Dppr6 and Dppr7 strains, could not grow on galactose,
but also showed low viability on glucose containing G418
and were strongly sensitive to antimycin A on glucose
medium (Figure 4A), thus revealing a defect in the ATP
synthase (complex V). In addition, the peaks for cyto-
chromes aa3, b and c1 were decreased although not
absent (Figure 4C). The deletion of ppr6 and ppr7
caused a more or less pronounced reduction in the levels
of all the protein coding RNAs, the most dramatic being
the absence of atp9 in Dppr6 and the very strong decrease
of atp6 in Dppr7 (Figure 5A). As expected, Atp9 and Atp6
appeared to be absent from Dppr6 and Dppr7, respectively,
and there was a generalized reduction in mitochondrial
protein synthesis, which was more pronounced for
Dppr7. In the in vivo labeling experiments, a band below
the level of Atp6 could be seen in Dppr7 cells, but the
origin of this band is unknown. However, the steady
state levels of Cox2 and Cytb appeared to be normal;
unfortunately no antibodies are available to test
mitochondrially-encoded subunits of the ATP synthase.
The Dppr6 and Dppr7 mutants seem to have a general
effect on the stability of many mRNAs as well as transla-
tion. However, the most speciﬁc consequence of the ppr6
and ppr7 mutations appears to be a strong decrease in
the level of the atp9 and atp6 mRNAs, respectively, this is
consistent with the ATP synthase defect that is indicated
by the antimycin sensitivity. It is possible that the more
general problems in translation and complex assembly
could be secondary effects of the ATP synthase F0
defect. In S. cerevisiae, complex V mutants often have a
long-range effect by destabilizing the mtDNA, impairing
mitochondrial translation and leading to wider pleiotropic
effects [for review (57)]. However, we cannot exclude that
Ppr6 and Ppr7 could be general mRNA stability factors
with multiple targets, some such as atp9 and atp6 being
more sensitive. This could be similar to LRPPRC that has
multiple RNA targets, amongst which COX1 and COX3
are more sensitive to degradation when LRPPRC is
mutated or silenced (25,26). Ppr6 is a sequence homolog
of Atp13/Aep2 from S. cerevisiae, which is speciﬁcally
required for the stability of atp9 (52,53), and was also
recently identiﬁed as a PPR protein (29). Our results
show that Ppr6 is similar to Aep2, but may have
acquired other functions.
Ppr4 is a speciﬁc translational activator with a
single target
Amongst the PPR proteins that affect translation, Ppr4 is
the most speciﬁc. Cells devoid of Ppr4 could not grow on
galactose (Figure 4A) and cytochrome spectra showed
that cytochrome aa3 was lacking whilst cytochrome b
and c1 were somewhat decreased (Figure 4C). In the
intron-less mitochondrial background (Figure 5A),
deletion of ppr4 did not seem to cause an obvious
change in the steady state levels of the mitochondrial
RNAs, however in an intron-containing background, we
could not detect any mature cox1 mRNA and there was
an accumulation of the unspliced pre-mRNA containing
the two cox1 introns, these introns encode maturases that
are necessary for their own excision (Figure 5B).
Signiﬁcantly, the expression of the intron-containing
cytb mRNA was not affected. In accordance, the Dppr4
strain showed a speciﬁc absence of Cox1 synthesis and a
reduction in Cox2 synthesis (Figure 6A) and Cox2 was
barely detectable in the steady state (Figure 6B).
These observations strongly suggest that the only
function of Ppr4 is to speciﬁcally activate the translation
of the cox1 mRNA, and that a deﬁciency in the synthesis
of the maturases encoded by the cox1 introns is respon-
sible for the splicing defect rather than an additional
function of Ppr4 as a splicing factor. The reduced level
in the Cox2 protein labeling despite normal cox2 mRNA
levels in ppr4 cells is probably a secondary defect of the
absence of the Cox1 protein. In S. pombe, in vivo protein
synthesis experiments require rather long incorporation
times (3h as opposed to 5–15min in S. cerevisiae), so
the result is a combination of synthesis and stability and
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is particularly unstable (58).
Ppr4 shares signiﬁcant similarities with Pet309 from
S. cerevisiae (17), which speciﬁcally activates the transla-
tion of the cox1 mRNA and helps to stabilize intron con-
taining cox1 transcripts. It is difﬁcult to ascertain whether
Ppr4 is also important for the stability of the
intron-containing cox1 transcript, as S. pombe has fewer
introns in cox1 than S. cerevisiae. Thus, Ppr4 is the ﬁrst
mRNA-speciﬁc translational activator discovered in
ﬁssion yeast. It is striking that cox1 translational activa-
tors have been found in S. cerevisiae, Pet309 and Mss51
[(18,59,60) and references therein], in humans, Taco1 (61)
and now in S. pombe. This emphasizes the crucial role
played by cox1 translation in the regulation of mitochon-
drial biogenesis, as demonstrated by the feedback regula-
tory loop mediated by Mss51 and other factors in
S. cerevisiae (62–64). It will be of great interest to deter-
mine the precise target sequence of Ppr4 on the cox1
mRNA.
Ppr8 modestly affects mitochondrial translation
In contrast to ppr4, Dppr8 cells only showed a slight
growth defect on galactose medium compared to the
wild-type whatever the temperature (Figure 4A), but ex-
hibited a clear growth arrest on glycerol medium
(Figure 4B). The cytochrome spectrum of Dppr8 cells
was only slightly affected, with less cytochrome aa3
(Figure 4C). In the intron-less mitochondrial background
(Figure 5A), Dppr8 did not seem to cause an obvious
change in the steady state levels of the mitochondrial
RNAs. In the intron-containing background, the
deletion of ppr8 led to a reduction in the level of the
mature cox1 mRNA and an accumulation of all
the splicing intermediates and the pre-cox1-cox3 inter-
mediate; again cytb was not affected (Figure 5B).
Finally, there was a general but limited reduction in mito-
chondrial protein synthesis with a speciﬁc drop in the syn-
thesis of Cox1 (Figure 6A), but for the proteins tested, the
steady state levels seem normal (Cytb) or only slightly
decreased (Cox2) (Figure 6B). Thus the absence of Ppr8
seems to cause a general but rather limited decrease in
translation, which appears more pronounced for Cox1;
however, it is not possible to conclude if it has a single,
or multiple targets.
Ppr2 is a general translation factor
Cells deleted for ppr2 were defective for growth on galact-
ose (Figure 3A) although some weak growth was visible
upon longer incubation, and in cytochrome spectra, cyto-
chromes aa3, b and c1 were strongly decreased. The steady
state of mitochondrial RNA was wild-type, except for a
modest reduction in the cytb mRNA. However there was a
large generalized reduction in the synthesis of all the mito-
chondrial proteins, although all bands were visible after a
long exposure, and the tested proteins could not be
detected in western blots. This shows that the deletion of
ppr2 leads to a drastic reduction in the synthesis of all the
mitochondrially synthesized proteins and an absence of
steady state Cytb and Cox2, possibly because the level
of synthesis is too low to allow efﬁcient assembly of the
complexes and the subunits are degraded. Thus Ppr2
appears to be a general translation factor.
Ppr5 is a negative regulator of mitochondrial gene
expression
Finally, the results in Figure 4A (intron-containing mito-
chondrial background), showed that deletion of ppr5 did
not affect growth under these conditions, indeed the Dppr5
strain appears to grow even better than the wild-type, es-
pecially on glucose medium. In accordance with the
growth data, the Dppr5 cytochrome spectrum was
wild-type (Figure 4C) and there was no obvious change
in the steady state levels of the mitochondrial RNAs
(Figure 5A). The most striking result is that the deletion
of ppr5 led to a clear increase in the synthesis, but not the
steady state level, of the mitochondrial proteins (compare
Figure 6A and B). Thus, Ppr5 is the only S. pombe PPR
protein whose absence seems to stimulate, rather than
impair, mitochondrial biogenesis and especially mitochon-
drial protein synthesis. This suggests that Ppr5 could be a
general negative regulator of translation. In addition, a
YFP tagged version of Ppr5 seemed more highly expressed
during growth on glucose rather than galactose, which
would be consistent with a role as a repressor of mito-
chondrial biogenesis during fermentation (data not
shown).
To further analyze the function of Ppr5, we determined
the effect of ppr5 over-expression on growth and mito-
chondrial translation. A FLAG version of ppr5 under
the control of the inducible nmt1 promotor was integrated
at the leu1 locus in the wild-type NB205-6A and isogenic
Dppr5 and Dppr4 (which does not synthesize Cox1) strains.
Controls were either integrations of the vector or of a
linearized plasmid producing Ppr4-FLAG in the same
three strains. The transformants were tested for growth
on non-fermentable medium (Figure 7A). Whereas the
FLAG versions of Ppr5 or Ppr4 complemented the cor-
responding mutants they compromised growth of the
wild-type on ethanol-glycerol medium, Ppr5 over-
expression was particularly deleterious. Next, we looked
at in vivo labeling of mitochondrial proteins in these
strains (Figure 7B). Whereas over-expression of Ppr4
had a mild effect, the labeling of mitochondrially-
synthesized proteins was decreased when Ppr5 was
over-produced, consistent with Ppr5 being a negative
regulator of translation.
If the deletion of Ppr5 relieves an inhibition of transla-
tion, we would predict that it might be able to counteract a
mutation that decreases Cox1 synthesis, unless the
mutated component is essential for cox1 translation. To
test this hypothesis, ppr5 was deleted in the ppr4 mutant
that speciﬁcally abolishes Cox1 synthesis. In the Dppr4
Dppr5 double mutant, Cox1 is not synthesized as in the
Dppr4 single mutant; however, other mitochondrial
proteins such as Cytb, Cox3 and Atp9 are more strongly
labeled as in the single Dppr5 mutant (Figure 7C). Thus
the deletion of ppr5 increases the general translation efﬁ-
ciency but cannot overcome the cox1 translation defect in
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speciﬁc block in cox1 translation that is epistatic to ppr5.
These data are consistent with Ppr5 being a general
negative regulator of mitochondrial translation, and
conﬁrm that Ppr4 plays an essential role in cox1 transla-
tion. In humans, another PPR protein PTCD1, has been
proposed to inhibit mitochondrial translation by
decreasing the stability of the mitochondrial leucine
tRNAs (11). We have probed several mitochondrial
tRNAs from S. pombe including the two leucine tRNAs
but did not detect any increase in the steady state levels in
cells lacking Ppr5 (data not shown). Thus even though
Ppr5 might play a similar role to PTCD1 in humans, the
mechanism by which it represses translation is probably
different.
CONCLUSION
In summary, this study is a systematic functional analysis
of all the identiﬁed PPR proteins in a given organism.
The fact that the PPR motif is highly degenerate raises
the question of whether we have indeed identiﬁed all the
members of the family present in the S. pombe genome.
We expected to ﬁnd a PPR protein involved in S. pombe
tRNA processing, since in both the yeast S. cerevisiae (29)
and Man (8), one subunit of RNAse P contains PPR
motifs, irrespective of whether an RNA component is
present (S. cerevisiae) or not (human). However no
sequence homolog can be found in S. pombe, suggesting
that either RNAse P is too divergent to be detected by
sequence comparison, or that tRNA processing occurs
via a different system despite the presence of a possible
gene for an RNAse P RNA in the S. pombe mtDNA.
Possible candidates could be the Suv3 and Dss1
homologs Pah1 and Par1, which have been implicated in
the 30-end processing of ﬁssion yeast mRNAs (54).
While it is clear that S. pombe PPR proteins act at dif-
ferent levels and that some have general effects, whereas
others have very speciﬁc effects on individual RNAs, no
correlation could be made between the obvious structural
characteristics of the proteins and these two general
classes of function, RNA stability or translation. Both
contain PPR proteins that are 100% membrane bound
and others that partition between the membrane and the
mitochondrial matrix when extracted with carbonate.
Although the number of PPR motifs in a given protein
varies considerably in both groups, there is a tendency for
the speciﬁcity to increase with the number of PPR motifs.
For example, ppr4, which appears to have the most
speciﬁc phenotype when deleted, has 13 PPR motifs,
whilst ppr2, which gives a general phenotype when
deleted, only has three. If this is the case, the negative
regulator Ppr5 does not seem to follow this scheme as it
contains the highest number of PPR motifs but has a
general effect; however, at present the mode of action of
Ppr5 is unknown and its target could be highly speciﬁc, yet
result in a general reduction in translation. Thus further
studies will be necessary to deﬁne the structure function
relationship of the different PPR proteins, analyze their
interaction with their target RNAs and clarify the
A
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Figure 7. Effect of ppr4 and ppr5 over-expression or deletion in differ-
ent strain backgrounds. (A) Effect of ppr4 and ppr5 over-expression on
growth. Wild-type (NB205-6A), ppr4 or ppr5 cells were transformed
with integrative leu1 plasmids expressing functional tagged versions of
ppr4 or ppr5 under the control of the nmt1 promoter (from the Riken
consortium), or with the control vector. [Leu
+] transformants were
patched on minimal glucose medium lacking leucine, replica-plated
onto complete galactose or ethanol glycerol medium and incubated at
28 C for 3–7 days. (B)
35S labeling of mitochondrial proteins in cells
overexpressing ppr4 or ppr5. Wild-type strains transformed with the
control plasmid or functional tagged versions of ppr4 or ppr5 under
the control of the nmt1 promoter from the upper part of panel A were
labeled with
35S amino acids in presence of cycloheximide. Similar
amounts of protein were loaded in each lane as veriﬁed by coomassie
blue staining (data not shown). (C)
35S labeling of mitochondrial
proteins in ppr single and double mutants. Mitochondrial proteins
of the wild-type (NB205-6A) and of single or double Dppr4 and 5
mutants in the mitochondrial intron containing background were
labeled as in panel B. Similar amounts of protein were loaded in
each lane as veriﬁed by coomassie blue staining (data not shown).
Nucleic Acids Research, 2011,Vol.39, No. 18 8039different roles of this fascinating family of proteins in
mitochondrial biogenesis.
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